Phenylalanine ammonia lyase (PAL) is a specific branch point enzyme of primary and secondary metabolism. The Citrus reticulata Blanco PAL gene was cloned and designated as CrPAL1. The cDNA sequence of CrPAL1 was 2 166 bp, encoding 721 amino acid residues. Sequence alignment indicates that CrPAL1 shared a high identity with PAL genes found in other plants. Both the dominant and catalytic active sites of CrPAL1 were similar to PAL proteins observed in Petroselinum crispum. Phylogenetic tree analysis indicates that CrPAL1 was more closely related to PALs in Citrus clementina × C. reticulata and Poncirus trifoliata than to those from other plants. Subcellular localization reveals that CrPAL1-green fluorescent protein fusion protein was specifically localized in the plasma membrane. Activity of PAL as well as CrPAL1 expression increased under Fe deficiency. A similar result was noted for total phenolic content. The root exudates of C. reticulata strongly promoted reutilization of apoplastic Fe in roots. Furthermore, Fe was more desorbed from the cell wall under Fe deficiency than in sufficient Fe supply.
Introduction
Phenylalanine ammonia lyase (PAL, EC 4.3.1.5) is the first key enzyme of the phenylpropaniod pathway, which produces many important secondary metabolites including flavonoids, plant hormones, anthocyanins, lignins, phytoalexins, and many other important compounds in higher plants (Song and Wang 2009 , Vogt 2010 , Fraser and Chapple 2011 . The PAL mediates a conversion of phenylalanine to cinnamic acid (Mandal et al. 2010 , Zhang et al. 2013 . So far, PAL genes have been cloned from several plants including Arabidopsis thaliana (Cochrane et al. 2004) , Pisum sativum, Nicotiana tabacum (Pellegrini et al. 1994) , rice (Minami et al. 1989) , and potato (Joos and Hahlbrock 1992) .
Citrus reticulata Blanco is an important rootstock in nursery, and iron is essential for its growth and development (Kacar et al. 2014) . Most citrus plants are cultivated in mountainous areas and are frequently challenged with iron deficiency (Pestana et al. 2012 , Wulandari et al. 2014 . The solubility of iron in soil is affected by pH and in soil with high pH, Fe 2+ is converted into Fe 3+ and so it is less available. Moreover, a high P content reduces absorption of Fe (Brown 1980) . Iron deficiency is a key limiting factor for fruit production and quality (Álvarez-Fernández et al. 2011 ), but C. reticulata is partially adapted to Fe deficiency through secretion of phenolic compounds to promote Fe solubilization (Zhang et al. 1991 , Cesco et al. 2010 .
Phenolic compounds are important secondary metabolites (Cesco et al. 2010) and PAL plays an important role in plant phenolic metabolism. Therefore, we cloned the full-length PAL gene, studied the structure of it, and then investigated expression of the PAL gene in Fe-deficient roots in parallel with analysis of PAL activity.
Materials and methods

Plants and experimental design: Citrus reticulata
Blanco seeds from the Huazhong Agricultural University were surface sterilized with 75 % (v/v) ethanol for 10 min, rinsed with sterile double distilled water (ddH 2 O), placed on moist filter paper, and germinated in an incubator at 26 °C. River sand and Vermiculite (3:1, v/v) were cleaned with 1 M hydrochloric acid to remove Fe ions and then autoclaved at 121 °C for 2 h. Three uniform seedlings were transplanted to a 12 cm diameter plastic pot filled with 2.5 kg of the above substrate.
The experiment was a completely randomized design with two Fe treatments (Fe-sufficiency and Fe-deficiency) and each treatment had six replicates. The pots were irrigated twice a week with 200 cm 3 of a half-strength Hoagland's nutrient solution according to Li et al. (2015) . Iron was added as o,o-FeEDDHA in two different concentrations: 50 μM (Fe-sufficient treatment) and 0 μM (Fe-deficient treatment). The nutrient solution pH was 6.0 ± 0.1. The seedlings were cultivated in a greenhouse under night/day temperatures of 16-18/26-28 °C and a natural irradiance and photoperiod. Eight weeks later, roots were harvested, immediately frozen in liquid nitrogen, and stored at -80 °C.
Determination of total phenolics: Phenolics in root exudates from C. reticulata Blanco were extracted by the methods of Xu et al. (2007) . The collected root exudates were evaporated to dryness and the residue was dissolved in methanol (Schieber et al. 2001) . The total phenolic content was measured using the Folin-Ciocalteu method with absorbance measured at 765 nm using a spectrophotometer (UV-3600, Shimadzu, Japan) and compared with a gallic acid standard (Waterman and Mole 1994) .
Desorption of Fe bound to the cell wall:
The cell wall was extracted according to Zhong and Läuchli (1993) with modifications according to Li et al. (2015) . The final pellet was freeze-dried overnight and the cell wall powder was stored at 4 °C. The desorption kinetics of the root exudates was analyzed according to Jin et al. (2007) . Approximately 0.05 g of the cell wall powder was added into a 2 cm 3 column equipped with a filter at the bottom. The solution was run through using a peristaltic pump at a speed of 2 cm 3 per 10 min. It was then collected by a fraction collector at 10 min intervals, and Fe in the desorbed solutions was determined with 2,2-bipyridyl according to Bienfait et al. (1985) . Finally, cumulative Fe desorbed was calculated and plotted against total desorption volumes.
Isolation of RNA and cDNA synthesis: The total RNA from frozen roots was extracted using an RNAprep pure tissue kit (Tiangen, Beijing, China). The DNA was removed using an RNAclean kit (Tiangen). Concentration, purity, and integrity of RNA were determined by spectrophotometric analysis (A 260 /A 280 ) and examined by electrophoresis on a 1.0 % (m/v) agarose gel. The first-strand of cDNA was synthesized with a cDNA synthesis kit (TaKaRa, Dalian, China). The synthesized cDNA product was diluted appropriately and stored at -20 °C until further analysis. rifampicin. The fusion expression vector (pCAMBIA1302-CrPAL1) was transformed into the inner epidermis of onion (Allium cepa). For comparison, pCAMBIA1302 was transiently expressed in the inner epidermis of onion. Green fluorescent protein (GFP) was visualized using an LSM 5 Exciter confocal laser scanning microscope (LSM 710, Germany) with excitation at 488 nm and emission at 505 to 530 nm (Du et al. 2012 ).
Cloning
Determination of PAL activity: Fresh roots (100 mg) were ground with 2.0 cm 3 of a solution containing 50 mM phosphate buffer (pH 7.0), 1 % (m/v) polyvinylpolypyrrolidone, and 0.2 mM ascorbic acid. After centrifugation at 4 000 g and 4 o C for 15 min, the supernatant was spectrometrically (UV-3600, Shimadzu) analyzed for PAL activity at 290 nm using L-phenylalanine (SigmaAldrich, St. Louis, MO, USA) as substrate (Boo et al. 2011) .
Expression analysis of CrPAL1 by real time quantitative PCR (qPCR) was conducted using an
Applied Biosystems 7500 system (Foster City, CA, USA) in roots under Fe-deficiency. Specific primersfor CrPAL1 and β-actin (Table 1) Statistical analysis: All data were subjected to one-way ANOVA using the SAS v. 8.0 software (SAS Institute Inc., Cary, USA). Significant differences between treatments were determined by one-way ANOVA at P < 0.05. 
Results
Total phenolic content under the Fe-deficiency was 8.45 μg g -1 (root exudates), which was significantly higher than in the Fe-sufficient treatment 4.87 μg g -1 (root exudates); Table 2 . The content of desorbed Fe increased almost linearly with the volume of the desorption solution (from 40 to 160 cm 3 ; Fig. 1 ). Only a small amount of apoplastic Fe was desorbed from the cell wall under Fe-sufficiency, and the content of desorbed Fe was obviously higher under the Fe-deficiency than under the Fe-sufficiency.
Based on the known PAL sequences of C. sinensis, C. clementina × C. reticulata, and other plants in GenBank, the full-length sequence of PAL1 was obtained by the method of homology cloning from C. reticulata. This sequence was named CrPAL1 (GenBank accession No. KP742840). The full-length cDNA of CrPAL1 was 2 166 bp (Fig. 2) . The ORF encoded a protein with 721 amino acids with a predicted molecular mass of 78.6 kDa and a pI of 6.09. BLAST analysis reveals that the deduced amino acid sequence of the CrPAL1 protein shared two highly conserved deamination sites and a typical phenylalanine / histidine ammonia lyase protein tag (Fig. 1 Suppl. ). CrPAL1 exhibited a high homology with Populus trichocarpa (AFZ78650.1), Daucus carota (BAC56977.1), Vitis vinifera (AEX32784.1), Litchi chinensis (ACR15762.1), Jatropha curcas (ABI33979.1), Ricinus communis (AGY49231.1), and Citrus clementina × Citrus reticulata (CAB42793.1). Furthermore, the results show that CrPAL1 included conserved deamination sites: L213, V214, L261, and A262; and conserved catalytic active sites: N265, G266, NDN (387-389 aa), H401, and HNQDV (491-495 aa) (Fig. 3 Suppl.) .
The secondary structure was predicted. The CrPAL1 protein mainly included an alpha helix (48.13 %) and a random coil (28.99 %), whereas an extended strand (13.04 %) and a beta turn (9.85 %) contributed little to the structure (Fig. 4 Suppl.). The predicted threedimensional structure of the CrPAL1 protein was performed using Swiss-Model with the Petroselinum crispum PAL protein structure as template (Fig. 3) . Average sequence similarities between CrPAL1 and a P. crispum PAL homologue were 83.07 %. The CrPAL1 protein was assumed a 'sea horse' shape. In order to evaluate the structural characteristics of the PAL genes in C. reticulata, the amino acids were aligned with the PAL proteins from other plants by MEGA 5.0 analysis. A neighbor-joining phylogenetic tree was divided into three main branches comprising dicotyledons, monocotyledons, and gymnosperms (Fig. 4) , which is in accord with a traditional taxonomic classification. The results demonstrate that CrPAL1 was most close to the PAL gene of P. trifoliata and C. clementina × C. reticulata. Our results also show that CrPAL1 shared the same ancestor. Fig. 3 . A schematic illustration of the 3-D structure of the CrPAL1 protein designed using the crystal structure of Petroselinum crispum phenylalanine ammonia lyase as template.
The subcellular location of the CrPAL1 protein was analyzed using the GFP as reporter in transient expression assays, and bacterial cells carying CrPAL1-mGFP5 plasmids were infiltrated into the epidermal cells of onion. Confocal microscopy images demonstrate that the CrPAL1-mGFP5 fusion protein was specifically distributed in the plasma membrane, whereas the GFP alone showed a ubiquitous distribution in the whole cell (Fig. 5) . These results suggest that CrPAL1 was a membrane-localized protein.
The PAL activity was analyzed by UV spectrophotometry. The results show that PAL activity was significantly higher (by 16.02 %) under the Fe deficiency than under the Fe sufficiency.
Real time qPCR reveals that expression of the PAL gene was affected by the Fe deficiency. Expression of the PAL1 gene in Fe-deficient roots was significantly higher (1.33 times) than that measured in Fe-sufficient roots (Table 2) .
Discussion
Citrus is one of the most economically important fruit plants in China. It is cultivated in mountainous areas where Fe deficiency is a primary limiting factor for citrus production (Bao et al. 2006) . Citrus reticulata is important rootstock of citrus cultivars. Thus, research on the PAL gene encoding enzyme that is responsible for biosynthesis of phenolics is essential. In this paper, the full-length cDNA of CrPAL1 was cloned from Citrus reticulata using reverse transcriptase PCR. CrPAL1 encoded a protein with 721 amino acids; its length was similar to that reported for other PALs (Sanchez-Ballesta et al. 2000) . The sequence alignment shows CrPAL1 was highly similar to other known PAL genes, as to those found in Poncirus trifoliata, C. sinensis, C. limon, C. clementina × C. reticulata, and Vitis vinifera originating from the same branch in the phylogenic tree.
Meanwhile, classical PAL domains and functional sites were found in the deduced PAL protein, such as the conserved deamination sites: L213, V214, L261, and A262; and the conserved catalytic active sites: N265, G266, NDN (387-389 aa), H401, . These sites are known to be highly conserved in different plants (Song and Wang 2009) . In addition, the CrPAL1 protein has a typical protein tag of phenylalanine or histidine ammonia lyase (Ritter and Schulz 2004) suggesting that the deduced amino acid sequence of CrPAL1 was accurate. All the active sites mentioned above were the same with those of PAL mentioned by Xu et al. (2012) , indicating that CrPAL1 is member of the PAL gene family.
The subcellular localization of the PAL protein has been studied in different plants (Czichi and Kindl 1975 , Hrazdina and Wagner 1985 , Rasmussen and Dixon 1999 , Achnine et al. 2004 , Sato et al. 2004 , Bassard et al. 2012 . In the present study, the subcellular localization of the CrPAL1 protein was investigated in a heterologous system (the chloroplast-free epidermal cells of onion) by confocal laser-scanning microscopical imaging GFPfluorescence. A transient expression of the CrPAL1-mGFP5 fusion protein in onion was targeted to the plasma membrane. The result might indicate a high association of the CrPAL1 protein to membranes.
Studies that plant enzymes are involved in phenolic compound syntheses have been associated with plant stress. Phenylalanine ammonia lyase is a well characterized and key limiting enzyme in the phenylpropanoid pathway (Huang et al. 2010) . In this experiment, we observed that PAL activity significantly increased under the Fe-deficiency (Table 2) . These results are in agreement with recent studies that have shown higher PAL activities in other Fe-deficient plants (Li et al. 2015) . Consequently, the enhancement of PAL activity promoted accumulation of phenolic compounds to promote Fe solubilization. Owing to its important role, the PAL gene was widely studied in different tissues of plants since its discovery. In this paper, real time qPCR analysis reveals that a high CrPAL1 expression was found in roots (Table 2) . Expression of the PAL gene in roots could be induced by different abiotic stimulation, such as low content of nitrogen, phosphate and iron, or by signalling compounds such as methyl jasmonate, jasmonic acid, H 2 O 2 , and salicylic acid (Hsieh et al. 2011) . Studies have also discovered that the total amount of phenolic compounds was higher under Fe deficiency (Hell and Stephan 2003) . Thus, expression of CrPAL1 was up-regulated in response to the Fe deficiency, which is consistent with observations of other plants under stress conditions (Wasternack and Parthier 1997) . So, this may explain that activation of secondary metabolism is important for successful plant growth under iron stress.
In conclusion, we cloned one PAL gene from Citrus reticulata Blanco and designated it CrPAL1. Regardless of the fact that the functional details of CrPAL1 are still unclear, its sequence characterization and induced expression in response to a low content of iron suggest that CrPAL1 might participate in stress response pathways. Thus, CrPAL1 could be considered as a potential target gene to be used in genetic engineering for creation of transgenic plants with improved stress tolerance.
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